Abstract. Approximately 25% of osteosarcoma patients present with clinically detectable metastatic disease at the time of initial diagnosis. High-dose chemotherapy and/or surgery for the treatment of primary metastatic osteosarcoma is ineffective, and <20% of patients will survive 5 years from diagnosis. Therefore, the treatment of metastases is critical for the improvement of the prognosis of primary metastatic osteosarcoma patients. We have previously observed that overexpression of interleukin-24 (IL-24) inhibits neuroblastoma cell proliferation, migration and invasion in vitro. The present study investigated whether IL-24 may be a novel agent for osteosarcoma metastasis-suppressive treatment. It was observed that IL-24 is able to inhibit migration and invasion in spontaneously metastasizing human 143B osteosarcoma cells via the c-Jun N-terminal kinase (JNK)/c-Jun signaling pathway. IL-24 was effective in inhibiting JNK and c-Jun phosphorylation to downregulate matrix metalloproteinase (MMP)-2 and MMP-9, which contributed to the suppression of cell migration and invasion. It was concluded that IL-24 may be a potent agent in the inhibition of highly metastatic 143B osteosarcoma cells, and IL-24 may have translational potential as an effective therapeutic agent for the treatment of metastatic osteosarcoma.
Introduction
Osteosarcoma is a malignant and potentially metastatic primary bone tumor, and occurs most often in children and young adults, typically after age 10 years (1) (2) (3) . In ~20% of patients with osteosarcoma, clinically detectable metastatic disease is present at the time of diagnosis, and up to 40% of patients present with advanced metastases (4) (5) (6) . Despite great advances in multimodal treatment during the previous few decades, patients with metastatic osteosarcoma have a poor prognosis, with 5-year survival rates of <20% (7, 8) . Thus, it is highly desirable to seek a novel strategy for the treatment of metastatic osteosarcoma.
Interleukin-24 (IL-24), also known as melanoma differentiation-associated 7 due to its initial discovery from human melanoma cells by combined treatment with interferon-β and mezerein, is a unique member of the IL-10 family that exhibits almost ubiquitous cancer-specific toxicity, with no harmful effects on normal cells or tissues (9) (10) (11) (12) . The overproduction of IL-24 may selectively inhibit cancer cell growth and induce apoptosis in a broad spectrum of human cancer types, and additionally induces indirect antitumor activity through inhibition of angiogenesis, activation of the antitumor immune response and sensitization of cancer cells to radiation, chemotherapy and antibody-induced killing (12) (13) (14) .
Previous studies have mainly focused on the role of IL-24 tumor-suppressive effects by prevention of proliferation and promotion of apoptosis in a wide variety of tumors (11, 14) . However, it has been observed that IL-24 inhibits neuroblastoma cell migration and invasion by regulating numerous invasion-associated molecules in vitro (15, 16) . These observations are consistent with the results of other studies, which reported that IL-24 inhibited migration and invasion of human ovarian, liver and lung cancer cells in vitro (17) (18) (19) . Fisher et al (20) have demonstrated that IL-24 is safe and promotes significant clinical activity, particularly in the context of patients with metastatic melanoma (20) . In the present study, we investigated the effects of IL-24 on migration and invasion in spontaneously metastasizing human osteosarcoma 143B cells in vitro, and attempted to identify the associated molecular mechanisms of metastasis suppression. It was demonstrated that IL-24 is able to inhibit migration and 
Materials and methods
Virus production, cell line and antibodies. Adenovirus (Ad).IL-24 (a replication-deficient adenovirus with IL-24 gene) and Ad.green fluorescent protein (GFP) (a replication-deficient adenovirus with reporter gene GFP) were maintained in our laboratory as previously described (16 Cell viability assay. Cell viability was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously (16) . Briefly, the cells were plated in 96-well plates (1x10 4 cells per well) and infected with Ad.IL-24 or Ad.GFP at the indicated time point (24, 48, 72 or 96 h) or multiplicity of infection (MOI; 1, 5, 10, 50 or 100), the medium was removed and fresh medium containing MTT (0.5 mg/ml) was added to each well. The cells were incubated at 37˚C for 4 h, and an equal volume of solubilization solution (0.01 N HCl in 10% sodium dodecyl sulfate) was added to each well and mixed thoroughly. The absorbance at 490 nm was measured using an ELx-800 spectrometer reader (Bio-Tek Instruments, Inc., Winooski, VT USA). All MTT assays were prepared in triplicate and repeated three times.
Cell migration and invasion assay. 143B cells were seeded at a density of 5x10 5 cells/well in 6-well tissue culture plates. The following day, cells were infected with Ad.IL-24 and Ad.GFP (control) at MOI=10. At 8 h subsequent to infection, the cells were trypsinized, washed in phosphate-buffered saline (PBS) and resuspended in serum-free DMEM. The cell migration or invasion assay was performed in a 24-well Transwell unit (Sigma-Aldrich; EMD Millipore, Billerica, MA, USA) or a 24-well Transwell unit coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), respectively. The lower chambers of the Transwell units were filled with serum-free medium, and the upper chambers were seeded with 1x10 5 cells from each group in triplicate wells. Following 24-and 48-h incubations, the cells that had passed through the filter into the lower wells were counted. The experiments were performed four times, and the results were recorded as the mean of these experiments.
Western blotting. Cells were harvested and incubated in lysis buffer containing 20 mmol/l Tris-HCl (pH 7.5), 1% Triton X-100, 150 mmol/l NaCl, 10% glycerol, 1 mmol/l Na 3 VO 4 , 50 mmol/l NaF, 100 mmol/l phenylmethylsulfonyl fluoride and a commercial protease inhibitor mixture (Roche Diagnostics, Basel, Switzerland) for 20 min on ice. After insoluble debris was pelleted by centrifugation at 14,000 x g for 15 min at 4˚C, the supernatants were collected and determined for protein content using the Bradford method (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins (50 µg) were resolved under denaturing conditions by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. Following blocking for 2 h in PBS with 0.1% Tween 20 and 3% bovine serum albumin (Beyotime Institute of Biotechnology, Haimen China), the membranes were incubated overnight at 4˚C with the appropriate primary antibodies. Membranes were then washed with PBS and incubated with alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (dilution, 1:10,000; catalog no., A3687; Sigma-Aldrich; EMD Millipore) for 2 h. Membranes were developed using the nitro-blue tetrazolium chloride/5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt color substrate (Promega Corporation, Madison, WI, USA). The density of the bands on the membrane was scanned and analyzed using an image analyzer. The bands on the membranes were visualized and quantified with an Odyssey® CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).
Use of SP600125 in cell culture. SP600125 (Sigma-Aldrich; EMD Millipore) was dissolved in dimethyl sulfoxide (Sigma-Aldrich; EMD Millipore), as a 20 mM stock solution, and further diluted (1:1,000) in culture medium to administer to treatment group cells. Following treatment with 20 μM SP600125, 143B cells were infected with Ad.IL-24 or Ad.GFP at MOI=10 for 48 h.
Statistical analysis. Data are expressed as the mean ± standard deviation. Statistical analysis of the results was performed using a one-way analysis of variance or Student's t-test. The experimental data were analyzed using SPSS version 16.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

IL-24 inhibits osteosarcoma 143B cell proliferation.
In the present study, the expression of IL-24 in 143B cells was investigated via adenoviral infection. As shown in Fig. 1A and B, IL-24 protein levels were efficiently augmented following infection with Ad.IL-24 for 48 h compared to Ad.GFP as assayed by western blotting. Subsequently, the effects on 143B cells proliferative ability were assessed by MTT assay following infection with Ad.IL-24 or Ad.GFP at various MOI or at various time points. As shown in Fig. 1C , overexpression of IL-24 markedly inhibited the growth of the infected 143B cells in a dose-dependent manner. Simultaneously, the proliferation of 143B cells was significantly inhibited at 72 h following infection with Ad.IL-24 ( Fig. 1D; P=0.0036 ). This indicated that IL-24 was able to effectively inhibit the proliferation of 143B cells.
IL-24 inhibits osteosarcoma 143B cell migration and invasion.
Subsequently, the present study detected the effects was able to significantly decrease 143B cell migration ability ( Fig. 2A; P=0 .0006), and this effect was consistent across the invasion assay ( Fig. 2B; P=0 .0003). 143B cell viability was 
IL-24 reduces MMP-2 and MMP-9 expression.
To determine the underlying molecular mechanism of IL-24 inhibition of migration and invasion, the level of migration-and invasion-associated proteins in 143B cells was detected following treatment with Ad.IL-24. MMP-2 and MMP-9 have a critical role in osteosarcoma cell migration and invasion (21) . To investigate whether MMP-2 and MMP-9 are involved in IL-24 inhibition of the migration and invasion of osteosarcoma cells, the present study assessed the levels of MMP-2 and MMP-9 in osteosarcoma cells treated with Ad.IL-24 at MOI=10 for 48 h by western blotting. Results presented in Fig. 3A and B indicated that the levels of MMP-2 and MMP-9 were reduced in the Ad.IL-24 group compared with the control group. This reduction may have led to the inhibition of migration and invasion in 143B cells following treatment with Ad.IL-24.
JNK/c-Jun signaling pathway is associated with IL-24-induced cell migration and invasion.
The mitogen-associated protein kinase (MAPK) signaling pathway is closely associated with osteosarcoma cell migration and invasion. Therefore, to determine whether IL-24 regulates 143B cell migration and invasion via the MAPK signaling pathway, the present study investigated the signaling pathways that were activated by IL-24. 143B cells were pre-treated with Ad.IL-24 at MOI=10 for 48 h and compared with the Ad.GFP treatment group. Following treatment, total protein was extracted and analyzed by western blotting. As shown in Fig. 4 , p-JNK was significantly decreased in the 143B cells following Ad.IL-24 treatment (P<0.0001). However, there were no marked changes in the levels of p-Erk (P=0.0689) or p-p38 (P=0.0732) caused by IL-24 overexpression (Fig. 4) . Subsequently, the present study additionally determined the association between the migration function of IL-24 and the JNK signaling pathway. Western blotting revealed that when p-JNK levels were decreased by IL-24 overexpression in the 143B cells, p-c-Jun levels were also decreased ( Fig. 5A and B) . These results suggest that IL-24 may regulate p-c-Jun through p-JNK in osteosarcoma cells. To further determine whether IL-24 regulates 143B cell invasion through the JNK/c-Jun signaling pathways, the JNK pathways were blocked with the specific inhibitor SP600125 in the 143B cells and subsequently infected with Ad.IL-24 or Ad.GFP at MOI=10 for 48 h. As shown in Fig. 5C , 143B cells pre-treated with SP600125 and infected with Ad.IL-24 did not demonstrate a marked difference in inhibition of invasion compared with cells treated with SP600125 or Ad.IL-24 alone. Furthermore, when p-JNK levels were decreased by SP600125 treatment in the 143B cells, p-c-Jun, MMP-2 and MMP-9 levels were also decreased ( Fig. 5D and E) . These results suggest that the JNK/c-Jun signaling pathways may 
Discussion
Enforced expression of IL-24 inhibits the growth of a broad spectrum of cancer cells, without exerting deleterious effects in normal cells and tissues. Previously, our and others' data have demonstrated that overexpressed IL-24 may inhibit migration and invasion in human ovarian, liver and lung cancer cells and neuroblastoma in vitro (15, (17) (18) (19) . In the present study, anti-proliferative effects were observed following overexpression of IL-24 in osteosarcoma cells. Anti-invasion and anti-migration effects of IL-24 overexpression were also observed on highly metastatic 143B osteosarcoma cells. Treatment with Ad.IL-24 at 48 h did not significantly inhibit the proliferation of 143B cells. However, treatment with Ad.IL-24 at 48 h significantly decreased 143B cell migration and invasion. Therefore, the results of the present study appear to indicate that the suppressive role of IL-24 on osteosarcoma cell migration and invasion is independent of IL-24 cytotoxicity. Thus, the present study further clarified the associative mechanism by which IL-24 regulates migration and invasion of human osteosarcoma cells.
To facilitate tumor cell migration and invasion, cells must alter their cell-cell properties, rearrange the extracellular matrix (ECM) environment and reorganize their cytoskeletons (22) (23) (24) (25) . ECM degradation is vital for migration of the metastatic cell from the primary tumor site and invasion to the metastatic site (26) . MMPs are a zinc-dependent endopeptidase family known to be responsible for the degradation of the ECM (27, 28) . Among the MMP family members, MMP-2 and MMP-9 have significant roles in tumor metastasis by degrading collagen and stimulating tumor growth (27) . The suppression of MMP-2 and MMP-9 may be effective approaches for anti-metastasis treatment of cancer. The results of the present study indicated that the expression levels of MMP-2 and MMP-9 were suppressed by IL-24. Thus, one potential mechanism that may explain IL-24 as a migration and invasion suppressor is negative regulation of the MMP signaling pathways.
MAPK signaling pathways are associated with tumorigenesis and metastatic potential in osteosarcoma (29, 30) . In addition, MAPKs have a role in major signaling pathways that control MMPs (25) . A number of studies have demonstrated that stress-activated protein kinases/JNK and Erk transcriptionally regulate the expression of MMP-2 and MMP-9, which results in regulation of cell migration and invasion (31) (32) (33) (34) . Silibinin is able to suppress osteosarcoma MG-63 cell invasion by inhibiting c-Jun/activator protein 1 induction of MMP-2 (35) . Statin reduces osteosarcoma cell migration and invasion though JNK-c-Jun-MMP-2 signaling pathways to inhibit 3-hydroxy-3-methylglutaryl-coenzyme A reductase (36) . In the present study, IL-24 was overexpressed in osteosarcoma 143B cells, and it was observed that the activation of JNK/c-Jun was inhibited, which may be responsible for the downregulation of MMP-2 and MMP-9.
In summary, to the best of our knowledge, the present study is the first to provide evidence that IL-24 is able to inhibit osteosarcoma invasion through the JNK/c-Jun signaling pathway, via decreasing MMP-2/MMP-9 levels. Understanding the molecular mechanism by which IL-24 inhibits osteosarcoma progression will not only improve our understanding of the metastatic mechanisms of osteosarcoma but may also provide a novel potential therapeutic agent for the treatment of metastatic osteosarcoma.
